Three different laboratory methods have been used to quantify the amount of solids contained in the storm water samples. The three methods differ in the sub-sample preparation. In this study, the water samples of nine different particle concentrations over a range from 0 to 1000 mg/L and of seven different particle size distributions over a range from 0 to 1000 microns were prepared and analyzed for the solids concentrations using the three different analytical methods. It was found that the total suspended solids (TSS) concentration measured using EPA Method's sub-sample pouring procedure was well correlated with the suspended sediment concentration (SSC) measured using the ASTM Method's whole sample procedure. It was also found that the difference between the measured SSC and the measured TSS-EPA was well correlated with the particle size. The difference was larger as the particle size increased. A regression relationship between the TSS-SSC difference and the particle size was established. This regression relationship could be used to predict TSS-EPA from the reliably measured SSC if the particle size (or the equivalent particle size) is known.
Introduction
New Jersey Department of Environmental Protection (NJDEP)'s Bureau of Sustainable Communities and Innovative Technologies is responsible for certifying innovative energy and environmental technologies, in accordance with the Energy and Environmental Technology Verification (EETV) Act, to allow permitting for use by the agency's regulatory programs. A number of innovative storm water treatment technologies have recently been developed in response to new Federal and State storm water rules, especially pertaining to removal of suspended solids from runoff before they are discharged into receiving waters. However, three different laboratory methods have been used to quantify the amount of solids contained in the storm water samples taken from the field. The use of different methods typically yields significantly different results (Gray et al., 2000) . A direct comparison of performance of different storm water treatment devices, a part of the Best Management Practices (BMPs), is thus very difficult when different laboratory methods are used to determine solids removal. Therefore, there is a need to evaluate the difference and establish correlation among these three different methods, especially for the particle gradation specified for New Jersey.
All three methods evaluate the amount of solids contained in the storm water samples through filtering the water, and drying and weighing the residue left on the filter. However, the three methods differ in the sub-sample preparation. The EPA's TSS (total suspended solids) Method (USEPA 1999) stirs and collects the sub-sample by pouring from the whole sample container. The Standard TSS Method (also referred to as APHA's TSS Method) (APHA 1995) stirs and collects the sub-sample using a pipette to draw from the whole sample container. The ASTM's SSC (suspended sediment concentration) Method (ASTM 1997) uses the whole sample.
Therefore, the primary objective of this research was to conduct an extensive laboratory evaluation of the three different laboratory analysis methods, and to establish correlations between TSS and SSC concentrations, if any exist. The subsequent objective was to evaluate potential impacts of the research results on certification of the storm water BMP technologies.
The laboratory evaluation of the three different methods started with preparation of water samples containing specific amount of solids of known size distributions. Sediments/solids with gradation specified in NJ's TSS lab test procedures (NJDEP 2003) was used. An outside company was used to manufacture the sediments of the specified gradation. Rutgers then prepared the water samples with different solids concentrations and particle size ranges. The water samples of nine (9) different particle concentrations over a range of 0 to 1000 mg/L, and seven (7) different combinations of particle size distributions over a range of 0 to 1000 microns were prepared. The prepared water samples (one liter each in volume) were subsequently sent to an outside, certified laboratory for analysis. The lab analyzed the water samples using the three (3) separate methods and reported the results back to Rutgers. The lab results were finally observed and statistically analyzed for any trends and correlations among the results generated from the three different methods.
Manufacturing of Solids
The materials of various size distributions were manufactured by Powder Technology, Inc. (PTI), Burnsville, Minnesota. The materials were made of quartz, which has a density of 2,650 kg/m 3 .
Seven particle size distributions were chosen in this project. The first one was to mimic the distribution specified by NJDEP for laboratory testing of solids removal performance of the stormwater manufactured treatment devices (NJDEP 2003) . This material had its particle size ranging from 0 to 1000 microns, and is called blend or mixed material in this project. The other six types of materials had the nominal particle sizes of 0 to 8 microns, 8 to 53 microns, 53 to 106 microns, 106 to 250 microns, 250 to 500 microns, and 500 to 1000 microns, representing six different factions of the NJDEP-specified blend material. The six types of materials were prepared first. They were subsequently blended together proportionally to simulate the NJDEP-specified particle size distribution.
The particle size distribution (PSD) of the manufactured solid materials was analyzed using three different methods: the sieve method for particles larger than 53 microns, the Coulter particle counter for particles from 0 to 106 microns, and the laser particle counter for all sizes of particles. See Guo (2006) 
Preparation of Water Samples
Water samples of nine (9) different concentrations were prepared for each of the seven (7) nominal sizes of the solids materials. The nine chosen concentrations were 20 mg/L, 50 mg/L, 100 mg/L, 150 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, 500 mg/L, 600 mg/L, and 1000 mg/L.
Water samples were prepared in the Fluid Mechanics/Hydraulics Lab of Rutgers University by a student assistant. A known amount of solids was put into a one-liter water bottle to achieve the desired solids concentration. The weight of solids was measured by using an analytical balance with the reading down to one tenth of a milli-gram (mg). The weight of solids was measured before and after its introduction to the empty bottle, that is, weight on the paper sheet and weight inside the bottle, to ensure no loss of the solids during the transfer. Then, the bottle was filled with one liter of de-ionized water.
Concentrations of solids in the prepared water samples were controlled to very close to the targeted concentrations, with the difference less than two percent even at the lowest concentration of 20 mg/L. The targeted concentrations were designated as the true concentrations in this project.
For each of nine (9) desired concentrations of solids of seven (7) different size distributions, three (3) bottles of water samples were prepared. Three bottles were
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A blank water sample, that is, a de-ionized water sample without introduction of any solids, was also prepared for each batch of water samples that was sent to an outside laboratory for the solids concentration analysis.
The temperature of the water at the time of sample preparation was also recorded.
Laboratory Analysis of Solids Concentrations
The prepared water samples were sent to an outside, certified laboratory for analysis of solids concentrations. Three different methods were used. The three methods were EPA's TSS (total suspended solids) Method 160.2 (USEPA, 1999), Standard TSS Method (also referred to as APHA's TSS Method) 2540 D (APHA, 1995) , and ASTM's SSC (suspended sediment concentration) Method D3977-97B (ASTM, 1997). Each of the three methods measures the amount of the solids left on the filter. The differences were the amount of water used for the filtration and how the chosen amount of water was sub-sampled from the original sample.
It was not specified in the EPA Method how much water should be used since the filtration time was the determining factor. The method of sub-sampling was not specified either. In this project, 100 mL of sub-sample was taken from the original one-liter sample bottle, and the sub-sample was taken by pouring from the original sample bottle. The original water sample was shaken and subsequently magnetically stirred. The sub-sample of 100 mL was poured into the filtration apparatus. The PCI scientific Grade 111 filter, which has a diameter of 4.7 cm, was used. The minimum reporting level of the EPA Method is 4 mg/L. The EPA Method is the method normally used for the TSS analysis by this particular outside laboratory.
The Standard Method did not specify the amount of water to be used either. However, the sub-sample was specified to be taken using a pipette. In this project, 100 mL of subsample was taken from the original one-liter sample bottle. The whole sample was stirred with the magnetic stirrer. A center vortex was created during the mixing, and subsampling was done by using the sample from the center of the vortex. A Class A pipette with 100 mL capacity was used. The PCI scientific Grade 111 filter, which has a diameter of 4.7 cm, was used. The minimum reporting level of the Standard Method is 4 mg/L.
The ASTM Method did specify the use of whole original water samples without subsampling. In this project, the entire one-liter original water sample was used. The AH-934 grade Whatman microfiber filter, which has a 4.7 cm diameter, was used. The minimum reporting level of the ASTM Method is 5 mg/L.
All of the water samples were kept refrigerated at 4 o C before the analysis. May 15-19, 2007, Tampa, Florida 
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Lab Analysis Results and Data Interpretation
Recovery of Solids and Correlation among TSS, SSC, and True Concentrations
The lab results were plotted, observed, and quantified for degree of deviation, trend and correlation among the results generated from the three different methods. See Guo (2006) for all the numerical results provided by the analytical lab.
Correlation between TSS-EPA, TSS-SM, SSC and the true concentration are shown in Figures 3 a to g. Note that the intercept was assumed to be zero in developing the regression line (the trendline), where applicable.
From the graphs, we can see that the SSC concentration analyzed by the ASTM Method was always very close to the true concentration no matter what the particle size range and concentration were. This was because the whole water sample was used and no subsampling bias was introduced in this method.
For the very fine, fine, and medium-size particles (0 to 106 microns), both the TSS concentration analyzed by the EPA Method (TSS-EPA) and the TSS concentration analyzed by the Standard Method (TSS-SM) were well correlated with the true concentration. However, differences between the true concentration and TSS-EPA and TSS-SM increased from less than 2% to 36% as the particle size increased. For the medium-size to coarse particles (106 to 1000 microns), neither TSS-EPA nor TSS-SM was well correlated with the true concentration. For the coarse particles (500 to 1000 microns), both TSS-EPA and TSS-SM were below the method detection level.
The measured difference between TSS and SSC was a result of the inability of the subsampling methods (pouring and pipetting) to pick up the large particles from the original whole sample. During application of the EPA TSS Method, as the sub-sample (100 mL) was poured from top surface of the whole sample (1000 mL), large (actually heavy) particles settled to the bottom of the whole sample container and were excluded from the sub-sample. During application of the Standard TSS Method, the magnetic stirring was possibly not strong enough to keep the large (actually heavy) particles suspended in the entire water column while the sub-sample was taken using the pipette.
Correlation between the TSS-SSC Concentration Difference and the Mean Particle Size
The correlation between the TSS-SSC concentration difference and the mean particle size was also analyzed .
Figure 3 b. Correlations between True Concentration and Measured TSS-EPA, TSS-SM, and SSC Concentrations for Particle Size Ranging from 0 to 8 Microns.
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May 15-19, 2007, Tampa, Florida The 95% confidence intervals of the above linear regression were additionally calculated. The 95% confidence interval for the intercept is from 98.36% to 107.57%, and that for the slope is from -0.7212 to -0.6027. The calculated lower and upper 95% confidence limits are also included in Figure 6 . Extending this linear regression line yields the zero TSS-EPA reading when the mean particle size is 157 microns. That is, if the mean particle size of a water sample is larger than 157 microns, there will be no TSS-EPA reading. May 15-19, 2007, Tampa, Florida The above linear regression relationship could be used to predict the TSS concentration (using the EPA sub-sample pouring procedure) from the measured SSC concentration and the known mean particle size.
The 95% confidence intervals of the above linear regression were additionally calculated. The 95% confidence interval for the intercept is from 97.45% to 106.01%, and that for the slope is from -0.7026 to -0.5926. The lower and upper 95% confidence limits are also included in Figure 7 .
In addition to studying direct correlation between the measured TSS and SSC concentrations of the stream water samples, USGS (Gray et al. 2000) also studied the impacts of particle size distribution (PSD) on differences between TSS and SSC concentrations. Stormwater Management Inc. (SMI 2004) did a similar PSD impacts study using manufactured solids as well as stormwater-born solids. They both used a fraction of sand to represent the particle size distribution, rather than the mean size used in this project. 
Potential Impacts of Research Results on BMP Performance Certification
Potential Impacts on Certification Based on Laboratory Testing Data
The NJDEP lab testing protocol (NJDEP 2003) specified that particles with a density of 2,650 kg/m 3 should be used, and influent concentrations of 100 mg/L, 200 mg/L, and 300 mg/L should be used. Therefore, the obtained correlation between the TSS (EPA)-SSC difference and the particle diameter for the three concentrations combined (Figure 6 ) could be directly used. Adjusting the regression line to have the intercept of 100% yields the following correlation relationship (Figure 8 The 95% confidence interval of the above linear regression with the fixed intercept of 100% was additionally calculated. The 95% confidence interval for the slope is from -0.6693 to -0.5944. The lower and upper 95% confidence limits are also included in Figure 8 . May 15-19, 2007, Tampa, Florida where TSS is the concentration of total suspended solids in mg/L, SSC is the suspended sediment concentration in mg/L, and d 50 is the mean particle size in microns. Correspondingly, the 95% confidence interval of the coefficient -0.0063 is from -0.0067 to -0.0059.
An example of potential application of the obtained regression relationship to adjusting the lab-tested solids removal performance is given below: Predicted TSS Removal Efficiency = 58 % (with the 95% confidence interval from 56.5 to 59.2%)
In the above example, the measured SSC removal efficiency of 70% has been adjusted down to TSS removal efficiency of 58% (or 57 to 59%).
Potential Impacts on Certification Based on Field Monitoring Data
Since density of particles in the actual runoff would most likely differ from the density of the particles used in the laboratory tests, the regression relationship obtained from this research project based on the measured particle size alone cannot be directly applied to predict the field TSS from the field-measured SSC. However, the "equivalent" particle size (diameter) could be used to predict the field TSS from the field-measured SSC. The equivalent particle diameter is defined as the diameter of a sphere that has the same density and the same settling velocity in any given fluid as the particle in question. In order to determine the equivalent particle size, the particle settling velocity has to be quantified beforehand. The particle settling velocity could be measured directly from the collected water samples. It could also be calculated from the measured particle size, density, and fluid temperature by using the Stokes' law for fine particles or using other equations for coarse particles (see, e.g., Yang 1996 ).
An example of potential application of the obtained regression relationship to adjusting the field-monitored solids removal performance is given below: Predicted TSS Removal Efficiency = 78.2% (with the 95% confidence interval from 77.5 to 78.8%)
In the above example, the measured SSC removal efficiency of 85% has been adjusted down to the TSS removal efficiency of 78% (or 78 to 79%).
Conclusions
This study found that the measured SSC was very close to the true concentration of solids, TSS measured using EPA Method's sub-sample pouring procedure was well correlated with the measured SSC, but TSS measured using Standard Method's pipette sub-sampling procedure was not well correlated with the measured SSC. It was also found that the difference between the measured SSC and the measured TSS-EPA was well correlated with the particle size. The difference was larger as the particle size increased. A regression relationship was established. This regression relationship could be used to predict TSS-EPA from the reliably measured SSC if the particle size (or the equivalent particle size) is known. The use of a more accurate and precise solids concentration measurement methodology would lead to a more reliable performance certification process and greater water quality benefits.
